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SUSCEPTIBILITY OF GUN STEELS TO STRESS CORROSION CRACKING

Cross-Reference
AsSTRACT Data
Precracked cantilever beam specimens extracted Stress-corrosion
from specific gun tubes were subjected to a constant  High s;rength
steels
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load in various environments to determine fracture

times. Specimens exhibited stress corrosion suscepti- Hydrogen-

embrittlement
. bility in 3% NaCl, distilled water and 100% RH air,
with 3% NaCl being the most degrading environment, Temper
embrittlement
Variations in susceptibility appeared on a tube
to tube basis and were related to the temper Precracked bend
specimens
embrittled condition of the tube.
Additional tests in distilled water, varying Fracture
mechanics

yield strength material, showed that fracture time

was decreased and crack growth rates increased as

the yield strength was increased.
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GLOSSARY

Stress intensity factor; the subscript I denotes
openinrg mode of crack extension.

The plane strain fracture toughness determined by
chevron notch slow bend test with three-point loading
of specimen dimensions 1 x 2 x 8".

Stress intensity loading factors: x denotes dry fracture
by loading specimen to failure; i denotes initial
stress intensity factor in loaded specimens,

The K1ji value which will not produce failure in the
observation period and below which there appears to
be no further susceptibility to stress corrosion,

The yield strength value of 9.1% strain offseat.
Hardness value, Rockwell C scale,

Charpy impact strength in ft-1b @ -40°F.

% reduction in area at tensile failure,

Effective full charge rounds.

Critical crack depth; the depth at which fast fracture
is initiated,

Saturated himidity at room temperature (specimen
exposed over distilled water).
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SUSCEPTISILITY OF A GUN STEEL TO STRESS CORROSION CRACKING
INTRODUCTIGN

The problem of premature failure of alloys by stress corrosion
has fong been recognized. At least fifty years ago, the ASTM held
discussions on the corrosion cracking of brass?.

Interactiorn of mechanical tensile stresses in a chemically
aggressive environment causes cracking that is impossible to predict
by independent mechanical or corrosion testing,

Four basic requirements are necessary to cause stress corrosion
cracking: a susceptible alloy, an aggressive enviroament, arplied or
residual stresses and time,

The purpose of this study was to investigate the parameters
affecting stress corrosion cracking in a gun tube material, There
were a number of questions to be resolved: whether this gun steel
(4337 modified) is susceptible to stress corrosion, the nature of
environments encountered that may be considered aggressive and the
rate of attack as influenced by yield strength ieveils. The possible
role of stress corrosionl.z.s in untimely field failure of gun tubes
is also a consideration of this investigation.

THEORIES OF STRESS CORROSION CRACKING

Stress corrosion has been observed in many diverse materials and
environments. The current literature contains numerous references to
fracture of titanium, brass, aluminum, magnesium and various steel

5-13
alloys . With such a variety of distinctly different conditions of
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fracture, 1. is difficult to find common features, [In work by Hoar
14 15 16
and llines , Hines , and Parkins , the following characteristics
consistent with this type of fracture have been observed, howecver:
1. There must be simultaneous action of stress and corrosicn;
alternate application of stress and corrosion will not produce similar

results. The fracture surfaces are macroscopically brittle, with

little signs of ductile tearing,

By gy

<. The induction period necessary to produce crack initiation
and pitting is relatively long compared with actual crack propagation.
Stress plays little par .n the induction perioed; corrosion is the
primary driving force. Embrittlement of the vegion surrounding the
crack tip may also be a significant factor in the induction process.

3. The mode of cracking can be intergranular or transgranular,
but is predominately one or the other in any test. No generalizations
can be made regarding the effect of changes in hea’ treatment cx com-
positions on mode, but one type of cracking appears to occur more
readily for each particular alloy.

4. The rate of advance is quite rapid at the crack tip; much
iess at the walls. The crack propagation process appears to be seif-
stimulating with the much larger rate being sustained only at the
advancing crack tip.

“ 5. Conditiocns for cracking are specific as to slloy and environ-
ment. Specific iors are usually necessary to promote crackirg condi-

tions, Although many enviromments may produce similar corrosion

rates, susceptibility of different metals tou stress corrosion may be
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widely divergent, Certain corrcdents giving relatively violent re-
action with an alloy do not cause cracking., The question is thwus

raised of the contributing interaction of corrudent anions tc fzilure,
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Tensile stress at the corroding surtace is essential to stress
corrosion cracking. These tensile stresses may be residual or applied.
3 Both are detrimental to service life and the degree of degradation is é
dependent on the magnitude of stresses. Residual stresses may be more
of a problem, however, since they are frequently concealed and ne-

17
glected in designing for safety factor of the component . These in-

TN

ternally induced stresses arise from processing differences such as

VTR AT

non-uniform deformation during cold working, or unequal cooling rates
from annealing temperatures. Other built-in stresses include those

induced by press or shrink fits and other fastened deformations such
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as rivets or bolts.

zcad 2Lt}

AR Rt

Sl trrziidya 4000 o 4




oo

VTN

The umany theories that have Leen advanced to ex,lain stress cor-
rosion cracking generally fall into one of two nmechanisns: (1) one in
which elecctroclcumical processes account for crack prouayation vy means
of -lissolution along jreferential jatns, and (Z) an alternating, stef-
fracture sequence where mechanical r1racture is triggered vy corrosion,
‘10 reach the characteristic higii rate of projpagation, a means nust Le
found to satisfy: either a typec of corrosion jprocess capavble of high
penetration rates in the resion of the crack tip, or a means vhercpy
corrosion can producc localized cmirittlement and lzad to intermittent

meclhanical fracture.

PheFeRENTIAL PARY THEGRILS

An early theory proposed by L. ii. vix 18

suggested that susceptible
jaths exist and corrosion follows under tne action of tensile siresses
perpendicular to these paths. This mechanism allows corrosion to foilow
a path held open by stresses and is quite suitavle to explain inter-
cranular attack along grain boundaries vhich are more reactive to
corrosion. The relatively high rates of crack ypropagation, caused
solely by grain boundary differences, are difficult to visualize.

‘Tne feature most common to recent theories is the attempt to
explain tne very high and localized attack of metal at the tiy of the
crack. The difference in current density between the crack tip and
walls nas been linked to the hignly localized attack at the tip. The
elastic strain energy and plastically strained material at the crack

tip may account for some of the concentratcd attach if supplenentcd by

otner factors responsible for high current density.
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Several disl-‘ -+ion theories have been proposcd te expiain fracture
observations. Swann and i’ickering19 have deduced that moving dislocations
transport solute atoms tc tiie free surface of the metal. ilovement of
these atoms to active slip planes, wiere a iiigh deusity of dislocztions
is concentrated, produces the chemical innomogeneity nccessary to
initiate and propagate stress corrosion craching. Ubservation of the
serrated type stress-strain curve (Portevin-LeChatelier effect) associated
with intermittert plastic flow indicates that solute migration dees occur
with woving dislocations. Ireferential corrcsive attack?? of compenents
is a prercquisitc causing faults that fracture mechanically. Studies have

been made by hines and Hugi1121

to detemine netaloyraphically whether
cracking has occurred electrochomically or mechanically, but have nct
been conclusive to date.

Varying alloy compositions have exhibited a warked difference in

susceptibility to stress corrosion. Graf?2

nas advanced the theory tha:
susceptibility should pass through a maxinim as the concentration of a
more noble alloying element is increased. Sepregation of tue alloying
elenents at grain boundaries, or scparation fron‘solution, establisies
cathodic sites wiicii accelerate attack at adjacent anodic areas. At
nigier alloying compositions the process of dissolution does not occur,
and continuous paths in the more active metal no longer exist. Uf
particular significance tc stainless steels is recent work by Copson23
studying effects of nickel and chromium alloying. The matrix iron

nmaterizl is mucn more electrochemically active than either alloy; and

susceptibility increases to a maxinmum at about 10% nickel, then decreases
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as predicted by traf. Gopson also points out the fallacy of rclyiu; on
"stavle' protective films in stecls. lmen such: 1ilrns are ruj.tured vy
hiyanly corrosive cnvironments sucn as 1erric cunloriue solution, suvs.-
qucent tailure is quite rajid.

In apparent conflict with the previously nmentioned electrochenical
tueory are studics of the weuging etfect caused vy buildup of corrosion

products. sielsensd

Las obtained excellent pisotomicrograjis of filled
rnicrocracks in stainless stecls where the volume of corsrosion jroduct,

if unconstrained, would te twice that of the removed metal. conseyuently,
hign stresses were generated. kickuringzs, et al, studieu stzinless
steels in dilute ciilloride solutions at autoclave temperaturcs of 4uu°l.
Pressures of 4uU0-7000 psi due to ti.e corrosion jroducts have Leen

reasured. Corrosion preducts identified include ferric and ferrous

oxiues, cuvic carormium oxide and corplex chrome-iron oxides.

MECHANICAL BARAGE TLLORIES

heatingZ® ani kvans®’

nave advanced theories to explain niga crach
propagation rates in terms of alternating mechanical and electrocherical
stages. It is theorized tiat notches are produced vy corrosion and

a brittle fracture occurs along a2 mechanically weak patih until an
obstacle is reached. crack propagation occurs by the rcpei.ted occurrence
of tiiis cycle. This thicory is quite useful at grain boundaries where

it is lknown that precipitates arc anodic to tie ratrix paterial, and
henice arc susceptible corrosion sites?8, LOganzg’30 has theorized tiaat

local yieldiny, disrupts the polarized cordition of surrace oxide filrs

to tiic extent that crack sides rerain passive and the advancing craca
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tip becomes active. Tue crack propagates if the strain at the tip
rupturcs the protective film at a higher rate than it can be repaired.

14

wour and hines®” went a step furtiher sud speculates that this local

yiclding assisted xn actual removal of cations fror the metal lattice.

kil
hincs‘u’ o

nas discussed the conditions necessary for electro-
chierical attach at a crack tiy. iie has postulated that an olnic drop
exists witain the crack wihereby the crack ti; and surface exhibit
mariedly diffcerent corrosion rates. .
lechanical rechanisms, including eubrittlement and staching fault
ticories, have been advanced to eaplain cracking of normally ductile
materials, Barnett ard 'i‘roian033 have described the steps of aydrogen-
induced static fatipue of iiigh strength AISI 4340 steel. Under sus-
tained load, the process is one of crack initiation and slou crack
growth idlowed vy cataclysmic brittle fracture. The stages werc
identified and followed using pinotographic and electrical resistance
neasuraients., kim and x.og;inow‘;"i have recently reported measurements
of Liydrogen concentration and permeability in a ni-Cr-tl0 steel. A con-
cept of nyurogen trapping was proposed to explain the higher concentra-
tion in steels of incvteasi.g yield strength, of the same composition.
Lvans3> advanced an embrittlement theory in which hydrogen formed near
the crack tip could diffuse into tue highly strained crack tip and cause
propagation of brittle fracture. Reduction of nydrogen ions at the
crack tip is likely in ligut of the lower potential amd aigner acidity
exiibited. Brown¥ Las indeed reported pi: and metal ion studies at the

crackh tip using liquia nitrogen to freeze tue solution in a cracked

specipen. Tuis data is used to support the hydrogen emvrittlement

10
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theory for high strength steels. It must be noted, however, that
hydrogen cannot be responsible in all cases since metal systems more
electrochemically noble than the hydrogen potential also suffer stress
cracking.

Further evidence in support of the alternating electrochenmical-
mechanical theory of crack propagation has recently been added by
McEvily and Bond37 and Logan, et 3138. The former work on brass con-
tains excellent replica electron micrographs clearly showing discon-
tinuous step-wise crack propagation. Rupture of tiie protective tarnish
has been shown to concentrate the effects of environment., Subsequent
work with alumimm, zinc and magnesium alloys showed similar results.
Logan's38 work with 321 stainless steels has produced electron micro-
graphs showing the discontinuous process of fracture. It was theorized
that the tendency of austenitic stainless steel to work harden preduces
increments too small to be detected by simple eiongation measurements.
PROCEDURE

Many test specimen configurations have been proposed for environ-
mental testing. For our use, it was necessar) tc choose one that would
be representative of bulk gun steel material, yet also be small enough
so that transverse specimens ccuid be easily obtained from forgings
and sections of fired gun tubes. Cantilever beam specimens of the type
used by Brown39 were modified for use in a dead weight loading rack.
Size requirements for plane strain could not always be met from test

materials available. Dimensions of the bent beam specimen are shown

in figure 1. A sharp machine notch across the top face of the spjecimen

11




acts as a stress raiser to obviate the need for a long induction period
to produce "natural' stress concentraticn points in the form of pits.
otress is furtier concentrated by eccentrically iatigue craching in a
precracking unit (figure 2) at low loading to "sharpen' tiue raciine
notch and extend ti:e crack a norinal 20 to 3u thwousandtus inch deep.

In sucl a suu-sizeu specinen, it becores irportant to elinminate tne
effects of shear lips to minimize surface effects. Sharp side srooving
is accorplisihed in the plane of proposed fracture to minimize thesc
shear lips.

The rack used for dead seigut loading is slown in figure 3 with
stressed specirmens in place. Lssential fcatures to Le noted are: the
stationary rack and tining clocks with pull-out switches to measure
fracture time, the loading beam with dial indicator to detect opening
rmovenent, the specimen surrounded Ly polyethylene environtental chamber
and the various weiguts supported from cantilever beam calculated to
produce varying initial stress intensity factors at the root of
speciren notch, The test is initiated by placing tiie precracked speci-
ren into the apparatus shown and applying stress weights to it as a
cantilever beam. This arrangement permits simple detection of crack
opening initiation by observation of the change in dial indicator
readings.

Lnvironments extensively studied included distilled water, 1U0%
relative lumidity and 3.0% agueous sodium chiloride solution. Specimens
tested in the 3.0% salt solution were also oxygen saturated vy slowly

bubbling the gas through tie solution.

12
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6.
SIDE VIEW

Geometry of cantilever besam specimen.

13




A T T & WX

Liad 253 oo

SPECIMEN ANCHOR RING

SPECIMEN GYRATING

VIBRATGR

SPECIMEN
POSITIONER

SPECIMEN
NOTCH

ve

/. SPECIMEN ECCENTRIC *
LOAD ADJUSTOR \

MICROSWITCH MICROMETER ——J
ADJUSTOR

Figure 2. Schematic of pre-cracking machine.
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Specimens were machined from varicus tube sections to study the

susceptibility to stress corrosion cracking of representative materi-

als in the "as received” condition. Further specimens from the least

susceptible tube tested (tube 1100) were reheat treated to yield

strengths varying from 142-205 ksi at 0.1% offset, Mechanical prop-

erties for all the tubes are tabulated in table I, Data shown for

prepared specimens arg mean values obtained from three tests,

15
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A preliminary estinate of tiie touguness of eacn group of specinens
was obtained vy loading a specimen stepwise to fracture in air. ‘The

stress intensity factor was calculated from equations of Bueckner4°,

41

with refinerments ol Paris™" and corrections by Irwin, applied for face

notching to give the relationsnip:

(u-bn)l/z(h-a)s/z

wliere KI =  stress intensity factor
I = bending moment
b =  specimen width and 8n is net width after side
notching
3 =  specimen depth
a = crack length including fatigue extension
and [f(a/V)] = function of a/l as tabulated in kolfe, et al,

(reference 43)

It rust be pointed out that these initial loading fractures do not
cive valid K{. reasurements as discussed by Kies, et a142. The K value
for dry fracture on increasing load is designated Ky, and merely gives
a maxinum loading stress intensity to be used as a measure for
environrental testing. For this size specimen of high strength gun
steel, the ratio of Xj, to yield strength was such that valid K.
rmeasurements could not b+ obtained. The procedure can still be used to
corpare results on the basis of nominal rracture stress by employing
side grooving. Tiiese grooves prevent shear lip formation by deﬁeloping

a triaxial stress state at the fatigue crack. Consequently very little

18
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deformtion is produced in fracture, Further use is rade of tie

equation in calculating the initial stress intensity factor, N j» when
loading the test specinen. VWith the specimen in place, the dial indicator
reading is zeroed, then closely monitored for signs of crack opening., In
the case of specimen failure, fracture times versus initial stress

intensity h;; were recorded and plotted.

RELATIVE SUSCEPTIBILITY OF GUN TUBES
No data presently exists on the effect of stress corrosion, on gun
steels of this type, though considerable data has been ccllected on 4340

steel, which is of similar composition as shown in table II.

TABLE II., NOMIMAL COMPOSITION (REIGi1 %)
Guix STEEL VS. 4340 SiELL

C In «~i Cr i 51 vV p S

Gunsteel ifin. .28 70 2.75 .60 .30 .20 .10 - -
4337V Balance Fe

4337V Max. .34 1.00 3.50 1.00 .70 .35 .25 ,025 .U25

4340 Min., .38 .60 1.65 70 .20
Balance Fe¢
Max, .43 .80 2,00 90 .30

To assess susceptibility of as-received gun tubes to stress corro-
sion, specimens listed in table I were exposed to oxygzenated 3.0%
sodium chiloride, an environment considered highly aggressive. Tle times
to fracture under decreasing load conditions arc shown below in table III.
The graphical representation of figure 4 shows the range of data
obtained, and clearly points out the increased degrédaticn of tubes 7

and 1382.

19
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TABLE III. FRACTURE OF GUN STEEL IN OXYGENATED
3.0% SODIUM CHLORIDE

Ky  in air K ; at Lcading liours to

twe Kk, kifVinch  ks8iVv inch $ Ky3/Kjx  Fracture
7 117.5 103.1 90.5 £3.0 2.7

¢ 78.0 71.5 4,0

3.7 58.3 2.0
48.1 44,0 13.6

32.1 29.4 688 * -

1100 150 110.8 90.6 81.8 2.2
84.9 76.6 3.0
71.2 4.3 10.8
54,6 49,2 40.2

49.1 44.3 751 *
1382 98.2 94.5 84.6 89.5 0.3
72.5 76.7 3.4
66.3 70.2 7.2
46.9 49.7 14.8
1386 106.0 194.5 83.6 80.0 2.5
65.3 62.5 16.1
51.6 49.4 18.0
55.6 53.2 30.0
1984 - 103.9 89.3 86 0 0.2
74.6 71,8 4.0
59.7 57.5 106.8
50.8 48.9 26.8
1985 - 103.6 85.1 82.2 2.1
71.3 68.8 7.3
60.6 58.5 15.9
54.9 53.0 23.4

* Denotes no failure

EFFECT OF ENVIRONMENT - :

Susceptibility was determined as previously described and further
tests were run using tihe progressively less corrosive environments of

distilled water and saturated humidity at room temperature.

20
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Une of the gun tubes, 7, that showed the black thumbnail narhings

at fatigued fractu-c suxfaces, was chosen as material to study the
effects of the otiier environments. Results are shown belo:. in table 1V
and gra,hically in figure S,

TAsLL IV, LIFFLCT OF ENVIRONMENT ON FRACTURL
UF GUw STEEL, TUsk 7

s e liours to
Lnvironment KIi % in/KIx Fracturc
Alr (klx} 109.1 - -
3.0% NaC: 78.0 71.5 4.6
(Gxygenated)
03.7 53.3 8.u
48.1 44,0 13.6
2.1 25.4 638 *
Distilled 90.3 83.2 3.1
ii20
81.2 74.4 26,2
64.5 59.1 72.2
59.% 54,0 $73
100% liumidity 94.2 86.2 2.3
{(Over distilled
hzo) 1.1 83.5 76.9
80.6 73.8 116
72.5 66.5 221.7
*Lenotes no failure

LFFECT OF YIELD STRENGTH
To study the effects of yield strength on stress corrosion
attack, specimens from tube 1100, one of tihe tubes showing least

susceptibility, were heat treated to various strengths as shown in

21
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Figure 4. Susceptibility of as-received specimens to cracking in 3%

oxygenated Na C1.

. Figure 5. Effect of environment on fracture time, tube 7, 186 KSi YS.
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table 1. These steels were stressed in distilled water environment,

Tabulated below are fracture data shown in figure 6.

TABLE V. EFFECT OF YIELD STRENGTH OF GUN STEEL ON SCC
IN DISTILLED VATER

4340 SHteel
: . t Comparable
Y.S. }\Ix in }\Ii at Hours a. - -
(0.1% offset) Air Loading to Xﬂ}:_“iﬂ"ﬁ

ksi ksi V inch ksiV/ inch K1i/KIx  Fracture (ksi Icinch)**
142 104.2 91.5 87.6 554*

95.6 91.6 689
186 110.8 107.8 57.2 0.9 117

90.6 81.8 69.0

85.6 77.3 149.8

79.2 71.5 1167*
.30 88.7 75.8 85.5 1.2 96

58.1 65.5 20.7

47.2 53.1 80.4

41.9 47.3 814*

* penotes no failure

“* 4340 data, Hays and Wessel40

DISCUSSION

Stress corrosion damge is known to occur in 4340 steel and has

been recently reported by Brownsg, Van ber Sluys44 and bmlherin45.

oyl Ul sty %

The initial question of whether the related gun steel alloy is
similarly susceptible to stress corrosion damge is answered in
table II and figure 4. These data show clearly that the gun steel, as
represented by the several tubes shown, is suffering stress corrosion
damage. As the level of the initial stress intensity factor Ky is

increased, the time to failure is decreased. The data also indicate a
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difference in the response of the tubes tested. While all the tubes
showed degradation as a result of immersion in the environment, tubes
7 and 1382 were affected wst warkedly, exhibiting a Kjgec value of
about 35 ksi V' inch as compared to an approximate value of
S5 ksi \/_in_;for the other tubes tested. (The Klscc value is that
value of the initial stress intensity fector which will not produce
failure in the observation period and below which there appears to be
no further degracation in properties,) This represents a reduction of about
65% from the Kj, value as compared to an average reduction of about 45%
for the other tubes.

It is interesting to observe that if one compares the total cycles
to failure (Zone 3 rounds + lab cycles), tubes 7 and 1382 rank lowest
of the tubes shown. if one further cempares the tempering temperatures
for these tubes, tubes 7 and 1382 also show the lowest tempering
temperature., These data indicate that these tubes were temper embrittled
and support the coatention by Davidson et a1 that temper embrittlement
increases stress corrosion susceptibility. With regard tc fracture tough-
ness, it is relevant to note that the Kyx vaiues obtained agree very well
with the Ki. values reported by Davidson although they are slightly lower
in each case. In additior, the stress corrosion crack path for tube 7,
as shown by figure 7, is intergranular. Tubes 7 (figure 8) and 1382 also
show "black thumbnail"™ markings frequently associated with stress corrosion
failures. These data support the premise that temper ed:rittle-'ent
increases the stress corrosion susceptibility.,

The evidence that gun steels were indeed susceptible to stress

corrosion when tested in a 3% NaCl solution led us to evaluate this
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Continued.

Figure 8.
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susceptibility in other environments. Tube 7, which showed marked
susceptibility in the NaCl solution, was used to evaluate the other
environments, The data presented in table IV and figure 5 show that
the distilled water and 100% PH air can also exert a degrading effect
on the gun steel, For these tests, the water environment was slightly
more damging than the humid air, while the salt solution was consi-
derably more damaging than either. The fact that gun steels can be
degraded via stress corrosion damage by a compound as “biquitous as
water causes, first, concerr, and secondly, specul- as to why evi-
dence of stress corrosion is not more widespread. Ume can only comment
that stress corrosion by definition requires the presence of sigrificant
stresses as well as a damaging enviromment and that corrosion is a time
dependent phenomenon. Rasidual stresses of sufficient magnitude to
cause damsge to a normsl tube (as compared with a temper embrittled
tube) may not always be present. Secondly, if tubes are being fired
rapidly, the lives are probably limited by fatigue, and time for the
develonsent of stress corrosion cracks would be limited. If, however,
such stress corrosion damage did occur, it would pemmit crack extension
without additional firing, thus distorting the cyclic basein fatigue
studies.

Having determined the relative susceptibility in varying environ-
wents, the investigation wus continued to determine whether variations
in yield strength level would produce significant changes in the stress
cozrrosion response. The results of tests conducted in distillsd water

are presented in table V and shown graphically in figure 6, It is
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Teadily apparent that the Kiscc level is decreased markediy with increas-
ing yield strength. The 142, 186 and 200 ksi Y35 materials exhibited
Kiscc levels of 98, 85 and 45 ksi m respectively in this environ-
ment. Examination of the fracture time vs. Kjj curves ieads one to
speculate whether relative crack growth rates can be inferred. 7This
would be desirable since it is difficult to rationalise the increase in
failure times as being due solely to the increase in XI c values

obtained when the yield strength was lowered. For example, from

table V, if one compares the 186 ksi material (ch = 117 ksi \/_i;:l:)
loaded at an initial X level of 79.2 ksi inch) with the 200 ksi mte-
rial (ch = 96 ksi \/?531) (1oaded at a conservative initial K level

of 58.1 ksi \/;;;;l) , & decrease in fracture time of greater than 50 fold
would be observed when going from the low yield strength to the high
yield strength material. Stated differently, with the KIi/KIc ratio
approximately the sawe, the 186 YS material has a2 life 50 times greater
than the 200 YS material; consequently, there must be a difference in the
crack growth rate.

This can be illustrated in the fcllowing manner. If a schematic
crack depth vs. time curve is constructed, as in figure 9, critical
crack depths pertinent to the relative yield strengths can be super-
imposed. For the 200 ksi material the crack progresses 2long line AB,
with failure occurring at point B, corresponding to the critical crack
depth (AC) at a failure time t. For the 186 ksi material, assuming
the same crack growth rate as in the pricr case, the crack would con-

tinue along AB to point C, with the falure time denoted t,. One can
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see that the increase in failure time /t, - tl) is not a large value,

and that increases in the order of fifty fold would net be obtainad with

"

G 12

reasonable increases in Kj.. For this reason, an adjunct experirent

was conducted to determine crack growth rates. Since deflection vs.

time curves were aiready available, deflection vs, crack depth curves
were constructed for the various yield strength levels at various load
levels as follows. Cantilever beam specimens of identical materials
and strengiths were stressed at the same dead weight loadings as those
of the deflection vs. time curves previously obtained. {rack growth
was simulated through physical extension of the crack front by means
of a jeweler's saw blade, Micrometer readings of crack depth were
plotted versus deflection readings obtained on the dial indicator.

The calibration curve was produced at each load level so that deflection
readings could be translated directly into crack depth values. direct
apflication of these values was wade to obtain curves of crack depth vs.
time in the corrosive eavironment. The curves obtained for iR6 *si and
200 xsi YS material at a single load level in the environment are she °.
in figure 10. The critical crack cepths shown were calculated using

approximate Ki. values from Wessels data on 434046

, and assuming that
rapid crack growth would occur when K = Kice

Examination of these curves shows that, in addition, to the deeper
critical crack size in the lower yield material, the stress corrosion
crack growth rate is slower, The action of both these factors results
in a failure time which is considerably increased.

One c2n make a similar inference regarding crack growth rate in

temver embrittied material by comparing times to failure; the data,

30




dc, (1BEKS! YS)
——————————————————————————— C

ac,(200KS! YS) :
z -~ - -ttt T T T T T T |
Z t |
f [
e o
a Loy

w 1
8 P!
|
% by
< Py
@ by
3 o L
i
3 o
. Do
A P
i 3

TIME (MINUTES) T T

rigure 9. Curve illustrating effect of yield strenyth or crack growth.

.370L

320

.27071-

CRACK DEPTH (INCH)

[
N
O
1 1
!

!

[

|

[

!
[

[

|

|

!

i

!

|

|

[

[

|

|

|

|

|

[

[

|

t

|

i

!

|

|

|

!

[
\\|

- J
170 200¥S1 YS / {BEKSI YS

1201

ore
= o W A W i N A R i

ic 100 1000 I0,0(‘)O
TIME (MINUTES)

Figure 10. Effect of yield strength on crack growth - tube 1100 in 3% Na Ci-
stress intensity factor of 50 ksi inch.

31




rrewe

T - - = ST T D TEE SATE T ST et T MO AN =T A 1 TR LT TRL LT BT T o e vy T AT

abstracted from table III, was obtained on specimens loaded to approxi-

mately the same K;; values.

Tube Kic Kii Time to Fracture
7 117.5 48.1 13.6
1100 150 49.1 791 *

* Denotes no failure.
Note that tube 1100 exhikits a fracture time many times higher than
tube 7, even though the initial loading was slightly higher. This
increase in fracture time camnot be explained on the basis of a 25%
iacrease in fracture toughness, even if one acceptc the value of 150
ksi v/ inch as being accurate.

Some comment should be made with respect to the mechanism of
stress corrosion cracking in these high strength steels., The mode of
failure was revealed by wetallographic sectioning and electron micro-
scope fractography to be intergranular in nature. Iurther, the fracto-
greph shown in figure 11 shows that little destruction of the grain sur-
faces is occurring via dissolution. Such a result is incompatible with
any theory of gross dissolution. The most likely rechanism is one of
corrosion, followed by hydrogen embrittlement, The source of hydrogen
is easily explained if one considers that in acidic or slight acidic
solutions, hydrogen results as a corrosion product according to the
following reaction:

Fe + 2h* —»Fe**t + 21

The work of Johnson and Paris4’ has shown that crack growth rates
can be markedly accelerated by the presence of hydrogen at the ciack
tip.
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Fractograph showing intergranuiar stress
corrosion crack (3200X).
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Summarizing then, we have both an available source of hydrogen at
the crack tip, and evidence that this hydrogen can exert a damaging
influence. Of special interest is the fractograph shown in figure 12,
This fractograph was produced from a tensile specimen which was delib-
erately hydrogen embrittled. Note the similarity between it and figure
11. In view of the previous discussion, such similarities appear more
than coincidental, and orovide additional proof that the hycrogen is
largely responsible for the cracking process.

CONCLUSIONS

1. Failure times of gun steel specimens of the composition tested
were related to the initial stress intensity level Kyj. Increased Kij
levels produced shorter failure times. The Kigcc level was 55 ksi
~{Inch for all tubes except 7 and 1382 which exhibited a lower Kigcc
level of 35 ksi 4finch. This reduction of the Kjgec level below Kiy
is conclusive evidence of the susceptibility of this gun steel to
stress corrosion cracking. The Kjq .. being 65% below the Kix level
for tubes 7 and 1382 and 45% for the remainder of the tubeé.

2. Stress corrosion damage in this material can occur in high
hamidity and water environments, though these are not as detrimental
as a 3% NaCl solution. A decrease in fracture times was noted as en-
vironments were changed from 100% RH, to distilled water and to oxy-
genated 3% NaCl solution.

3. The apparent tempo- embrittlement of this composition tends
to increase the stress corrosion susceptibility., Specinzens from gun

tubes tempered at approximately 900°F exhibited decreased failure
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b times when comparad under identical conditions to tubes tempered at
higher temperatures. This is manifested by a decrease in the K’scc levei

T r

from 55 ksi vV inch to 35 ksi +/inch for these tubes.

4. The increased stress corrosion susceptibility combined with

the temper embrittlement appears to be detrimental to the actual

‘ : fatigue life, Of the six tubes tested, tubes 7 and 1382 (temper
embrittled) exhibited the lowest fatigue lives. Since this study was
conducted, a third tube, 1144, of similar composition tempered at
915°F, with a life of 45.2 EFC rounds, has been tested and showed a
similar decrease in fracture times.

5. Increasing yield strength fram 142 ksi to 200 ksi produced an
increasing susceptibility. The 142, 186 and 200 ksi YS materials
exhibited Kjgcc levels of 98, 85 and 45 ksi VGHZE: respectively, in
distilled water. The decrease in fracture tiame was shown to be re-
lated to both a decrease in fracture toughness and an increase in the
stress corrosion crack growth rate.

6. The mechanism advanced for the intergranular fracture
observed is one of hydrogen embrittlement, in which the corrosion

process provides the li; causing the embrittlement.
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